Since its first fabrication by exfoliation in 2014, phosphorene has been the focus of rapidly expanding research activities. The number of phosphorene publications has been increasing at a rate exceeding that of other two-dimensional materials. This tremendous level of excitement arises from the unique properties of phosphorene, including its puckered layer structure. With its widely tunable band gap, strong in-plane anisotropy, and high carrier mobility, phosphorene is at the center of numerous fundamental studies and applications spanning from electronic, optoelectronic, and spintronic devices to sensors, actuators, and thermoelectrics to energy conversion, and storage devices. Here, we review the most significant recent studies in the field of phosphorene research and technology. Our focus is on the synthesis and layer number determination, anisotropic properties, tuning of the band gap and related properties, strain engineering, and applications in electronics, thermoelectrics, and energy storage. The current needs and likely future research directions for phosphorene are also discussed. , there has been a quest for new two-dimensional (2D) materials aimed at fully exploring new fundamental phenomena stemming from quantum confinement and size effects. This quest has spurred new areas of research with rapid growth from both theoretical and experimental fronts aimed at technological advancements. Among recently discovered 2D materials, phosphorene is one of the most intriguing due to its exotic properties and numerous foreseeable applications.
INTRODUCTION
Since the discovery of graphene in 2004 (ref. 1) , there has been a quest for new two-dimensional (2D) materials aimed at fully exploring new fundamental phenomena stemming from quantum confinement and size effects. This quest has spurred new areas of research with rapid growth from both theoretical and experimental fronts aimed at technological advancements. Among recently discovered 2D materials, phosphorene is one of the most intriguing due to its exotic properties and numerous foreseeable applications. 2 This review discusses recent advances in phosphorene research with special emphasis on: (i) fabrication and techniques for rapid identification of the number of layers; (ii) anisotropic behavior; (iii) band gap and property tuning; (iv) strain engineering and mechanical properties; (v) devices and applications; and (vi) future directions.
2D materials composed of a single-atom-thick or a singlepolyhedral-thick layer can be grouped into diverse categories. [3] [4] [5] The first is comprised of layered van der Waals solids such as atomically flat graphene, h-BN, phosphorene, SiC, Si 2 BN, transition metal dichalcogenides (TMDs) (MX 2 (X-M-X layer) where M=Ti, Zr, Hf, V, Nb, Ta, Mo, W, and X = S, Se, Te), 6 layered metal oxides such as vanadium oxide and Sb 2 Te 3 , etc. The second category is comprised of layered ionic solids, which consist of a charged polyhedral layer sandwiched between hydroxide or halide layers by electrostatic forces such as La 0.90 Eu 0.05 Nb 3 O 10 , KLnNb 2 O 7 , Eu(OH) 2.5 (DS) 0.5 . Finally, the third category includes surface-assisted nanolayered solids such as silicene, germanene, stanene, etc. In a different approach, Gibaja and co-worker recently isolated few-layered antimonene by both liquid phase exfoliation 7 and mechanical cleavage 8 methods. Graphene, the first demonstrated and the most explored 2D material, has a crystalline form of sp 2 carbon atoms packed in a single-atom-thick planar honeycomb network. Its superior properties, including high carrier mobility, ultrahigh surface area, excellent thermal conductivity, and quantum confinement effect have been well documented. 9 However, the lack of band gap is a serious limitation for the use of graphene in electronic devices. Lately, another unique 2D material consisting of a monolayer, or few layers, of black phosphorus (BP) has been attracting attention. BPs most remarkable properties include thickness-dependent band gap, strong in-plane anisotropy, and high carrier mobility. Recent reports have brought to light the highly encouraging prospects of using this novel 2D material in both nano-and optoelectronics. The key characteristics that make it so promising are high carrier mobility, strong in-plane anisotropy, particularly the anisotropy of electric conductance, 10 and highly tunable band gap, which changes with doping, functionalization, and the number of layers from~1.5 eV for a monolayer to 0.3 eV for bulk BP. 11 The on/off ratio and the carrier mobility are also layer-dependent. 12 Furthermore, compatibility of phosphorene with other 2D materials in socalled van der Waals heterostructures can offer solutions for important issues, such as surface degradation, doping, or control of surface/interface electronic structure, and can also enable novel functionalities and devices with unique or unprecedented performance. In the last 2 years, since the first experimental demonstration of phosphorene, 13 research activities related to this material have rapidly expanded. The timeline reflecting this progress and how it compares to other 2D materials is summarized in Fig. 1a . The rapid take off in research activities on phosphorene is evident by the number of related publications that appeared in the last 2 years.
PHOSPHORENE BASIC PROPERTIES
Phosphorene is a single atomic layer of BP, one of four known allotropes of phosphorus that shows semiconducting properties and was first discovered more than a century ago by Bridgman.
BP, similar to graphite and other layered materials commonly referred to as van der Waals materials, is comprised of 2D sheets that are vertically stacked with respect to one another. However, unlike graphite, in-plane bonding in BP is due to sp 3 hybridization. 15 Each phosphorus atom is bonded to three adjacent phosphorus atoms; therefore, each "p" orbital retains a lone pair of electrons. The crystalline structure of layered bulk BP is orthorhombic with space group Cmca (#64) (ref. 16 ). Its structural and other properties have previously been discussed. 11, 17 Due to the sp 3 hybridization, phosphorene does not form atomically flat sheets like graphene. 15 Instead, they form a puckered honeycomb-structured layers 18 (Fig. 1b) . These layers are stacked together by weak van der Waals forces. 19 As a result of the puckered structure, each single layer of the honeycomb network contains two atomic layers where the distance between the two nearest atoms (d 1 = 2.224 Å) and the distance between top and bottom atoms (d 2 = 2.244 Å) are slightly different. The values of d 1 and d 2 are very close to each other because of the covalent bonds between phosphorus 3p orbitals. 20 The electronic band gap of phosphorene has been predicted to be 1.5 eV (ref. 11), which is much higher than the 0.3 eV value of bulk BP. 21, 22 Theoretical calculations indicate that the change in band gap is due to a loss of interlayer hybridization in few layer systems. 12 Main phonon modes of phosphorene are defined as A 1 g (out of plane), B 2g and A 2 g (in-plane). 23 These modes have been predicted to be found at around 368, 433, and 456 cm −1 , respectively.
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Due to its unique topological structure and differences between the armchair (AM) and zigzag (ZZ) directions, phosphorene displays strong in-plane anisotropy with many properties in these two principal directions drastically different. Anisotropy is strongly reflected in effective masses 24 with an eight times increase in hole effective mass along the ZZ direction compared to the AM direction. 12, 25 Phosphorene also has strong anisotropic phonon dispersions that lead to much larger group velocities along the ZZ direction than those along the AM direction. [26] [27] [28] This is the reason for a strong orientation-dependent shear modulus 29 and thermal transport. 30 Strong anisotropic behavior, showing thickness and spectral dependence, is also observed for electron-photon and electron-phonon interactions. 31 The anisotropy of phosphorene's magnetic properties has also been predicted. In particular, for edges terminated along the ZZ direction, a dissipative quantum Hall effect has been calculated. 32 Figure 2 lists some of the most significant anisotropic properties of phosphorene. Figure 2a , b show effective masses of the electron and hole in 2D phosphorene as a function of strain applied along the zigzag (x) and armchair (y) directions. It is evident that effective masses of charge carriers depend on the direction of charge transfer and also can change significantly by strain. However, the change of effective masses also depends on the direction of applied strain, which is a further indication of the anisotropic nature of phosphorene. Moreover, as it can be seen, the sharp changes in the effective masses in Fig. 2a , b occur around critical strains for the directindirect band gap transitions (e.g., the effective masses in the ZZ direction in Fig. 2a have a sudden change around critical strain ε x~8 %). Additionally, based on effective masses in relaxed phosphorene (zero applied strain), one can conclude that AM is preferred direction for charge carriers' transport as the effective masses are significantly smaller in this direction than ZZ direction.
In Fig. 2c , Raman modes show significant shifts as a function of uniaxial strain. However, the rate of frequency shift depends on the direction of applied strained (i.e., ZZ and AM). The Atomic vibration of modes, orientation and amplitude of strain, and consequently variations of bond lengths are parameters that can determine the frequency shift in Fig. 2c .
In Fig. 2d , e, prominent peaks for relaxed phosphorene (A 1 g , B 2g , and A 2 g ) are located at 368, 433, and 456 cm −1 , which are in good agreement with experimental results. These two plots shows that relative Raman peak positions and spacing can give information about the strain condition (i.e., amplitude and direction). As shown in Fig. 2d , all Raman peaks shift monotonically as a function of strain along AM direction. B 2g , and A compression and rises under stretching strain in the AM direction. In the case of strain along the ZZ direction (Fig. 2e) shows clear potential to justify the direction of the strain. Their energy spacing reduces under stretching and increases under compression strain. Additionally, a significant increase of B 2 3g peak intensity under stretching strain indicates the impact of ZZ strain on the intensity of Raman modes. Comparing Fig. 2d , e, one can see Raman modes are more sensitive to ZZ than AM strain. This is due to the phosphorene puckered structure that makes it softer along the AM than the ZZ direction. Calculated orientation dependence of Young's modulus is illustrated in Fig. 2f . The Young's modulus varies between a maximum of 166 GPa and a minimum of 44 GPa, which is along the ZZ and AM directions, respectively. Furthermore, the Young modulus has an average value of 94 GPa for all orientations. Figure 2g presents the direction dependence of the Poisson's ratio of phosphorene as another strong indication of anisotropic nature of phosphorene. The Poisson's ratio along ZZ and AM directions is 0.703 and 0.175, respectively. However, it has the minimum value of 0.064 around θ = 47.5°. Figure 2h shows how the applied biaxial strain modifies the calculated electron mobility of phosphorene at room temperature (T = 300 K). Furthermore, under around 3% biaxial strain, the mobilities along ZZ and AM directions undergo the critical transition and, after this transition (switch), the ZZ mobility becomes larger than the AM mobility in contrast with the unstrained state of phosphorene. ). However, smaller mobility at room temperature is due to additional effects that we may not need to consider at low temperature, such as electron-phonon scattering and band average. Unique properties of phosphorene can be further enhanced in allotrope structures. Based on computational work, a number of new phosphorene polymorphs/allotrope with buckled honeycomb structure or non-honeycomb structure has been predicted (e.g., non-honeycomb: ζ-P and η-P; honeycomb: β-P that is called blue phosphorene and γ-P). 34 The prediction of several polymorphs adds more variety to the family of phosphorene-based materials and enables possibilities of potential novel phenomena and applications. [34] [35] [36] 
PHOSPHORENE FABRICATION METHODS
Since bulk BP is classified as a van der Waals material, similar topdown techniques as those employed to produce graphene using graphite as the precursor can also be applied to make phosphorene from BP. In such approach, bulk BP needs to be first obtained. Usual synthesis routes include high pressure, 14, 37, 38 high-speed ball milling, 39 and short transport reactions. 40, 41 Polycrystalline BP can also be grown from red phosphorus under high pressure in an anvil press, as reported recently. 42 The successful conversion of red phosphorus to BP has also been demonstrated through sonication alone, 43 which further lowers the cost and simplifies the production process.
The interlayer cohesive energy of BP has been predicted at-151 meV per atom, 44 which is somewhat larger than that of graphite at about −35 meV per atom. 45 However, mechanical 13 and liquid exfoliation 46 of BP have already shown encouraging results. In 2014, two separate research teams reported the first successful isolations of a single atomic layer of BP using mechanical exfoliation. 12, 47 Samples of a few layer-thick phosphorene can also be produced using liquid exfoliation. 46, 48 Other techniques such as pulsed laser deposition, 49 and plasma thinning 50 have also been demonstrated to fabricate few-layer phosphorene using BP as the precursor material.
One of the major issues hindering phosphorene application in modern day devices is its lack of stability under ambient conditions. Due to the two uncoupled pairs of electrons in each phosphorus atom (caused by sp 3 hybridization) and the enormously high surface to volume ratio, phosphorene is highly reactive to combinations of oxygen, water, and light. 51 Under such conditions, it undergoes degradation where oxidized phosphorus 52 and phosphoric acid species are formed. 51 The most likely mechanism of the chemical degradation is oxidation followed by exothermic reaction with water. 53 While this is still in an early development stage and more efforts are required, several approaches, especially of using protective capping layers, 13 have already been evaluated for achieving higher stability phosphorene including encapsulating phosphorene by atomic layer deposition (ALD) of a dielectric layer (e.g., alumina), 52 oxidizing top layers of phosphorene by oxygen plasma dry etching to protect remaining phosphorene along with ALD of alumina, 54 van der Waals passivation by 2D graphene and/or h-BN, 55 and solvent exfoliation with anhydrous organic solvents such as N-methylpyrrolidone (NMP). 56 When using NMP, Kang et al. realized that residual NMP protects the phosphorene against fast degradation and postulated that this is potentially caused by NMP encapsulation or intercalation. Very soon after this work, Guo et al. 57 reported that using saturated NaOH NMP solution for liquid exfoliation of bulk BP drastically increases the stability of phosphorene. They found that OH − ions were adsorbed onto phosphorene and prevent water from degrading the material. The results of their characterization show a clear improvement in comparison to reports by Kang et al. work. The significant role of solvents to stabilize the liquid-exfoliated phosphorene have been emphasized in other research by Hanlon et al. 58 They also suggested that some solvents (e.g., N-cyclohexyl-2-pyrrolidone) can protect BP against oxidation via encapsulating the phosphorene during the liquid exfoliation. Interestingly, after removing the solvent, the sample remained intact under ambient conditions for several days, as the solvation shell still encapsulates it. Therefore, in the liquid exfoliation approach, selecting a solvent that forms the solvation shell in addition to having sufficient surface energy can enhance the quality of the production.
DETERMINATION OF THE NUMBER OF LAYERS
Several methods have been proposed in the literature for determination of the number of layers in phosphorene and BP flakes. However, to prevent unwanted reactions and material degradation, fast and accurate characterization techniques are needed. Atomic force microscopy (AFM) is one of the primary tools allowing measurements of the thickness down to one atomic layer, which for phosphorene is~0.9 nm (ref. 12). However, the drawback of using AFM is that the analysis requires extended periods of time. An AFM image of a monolayer exfoliated phosphorene on a SiO 2 -coated silicon wafer with a thickness of 0.85 nm is shown in Fig. 3a . This measured thickness is slightly larger than the theoretical value of 0.6 nm for a monolayer of phosphorene. However, this slight discrepancy is acceptable as it is observed in other 2D materials with SiO 2 /Si substrate. 12 Photoluminescence (PL) is another determination method 59 and is based on the fact that the band gap, which is represented by the excitonic emission in the PL spectrum, increases with the decrease of the number of layers. However, recent PL excitation spectroscopy suggests a quasiparticle band gap of 2.2 eV, suggesting an exciton binding energy of around as high as 0.9 eV (ref. 60) . Figure 3b illustrates the high dependence of phosphorene band gap on its layer number. Experimental band gap values in Fig. 3b are based on the PL spectroscopy measurements with 532 nm laser for excitation. Additionally, during the PL measurement, a flow of nitrogen gas was used to avoid degradation of few-layer phosphorene. PL peaks were detected at 1.29, 0.98, 0.88, and 0.80 eV for two to five layers, respectively. The band gap drops by an increase in the number of layers, which is in agreement with the trend predicted by theoretical values of the band gap (Fig. 3b) .
Several Raman spectroscopy-based calibration methods have also been developed 18, 50 as well as a method based on electron diffraction that uses a thickness dependent intensity ratio between the (101) and (200) diffraction spots. 18 Thickness of few-layer phosphorene on silicone substrate can be determined by the intensity ratio between the silicon Raman peak and phosphorene A 1 g peak as shown in Fig. 3c . Recently, a fast, low-intensity and less destructive LED lightbased phase-shifting interferometry (PSI) method has also been developed. 61 Measurement of the layer number of phosphorene by the optical interferometry method is rapid, noninvasive, and accurate (Fig. 3d) . In this approach, the optical path length (OPL) can be measured by PSI and evaluate the digitized interference pattern. Ultimately, by knowing the OPL value for each layering step change, the number of layers can be determined. A detailed summary of layer number determination techniques is depicted in Fig. 3 . Figure 3 represents the Raman spectra of a few different thicknesses of exfoliated phosphorene. Thickness dependence of A 2 g and B 2g modes is shown in Fig. 3f . The frequency difference of these modes varies between 27.7 and 31 cm −1 for bulk and monolayer, respectively. As illustrated in Fig. 3g , the intensity ratio of A 1 g to A 2 g exhibits a monotonic behavior with respect to change in the number of layers, therefore, can be used as another means to determine the number of layers. As can be seen in Fig. 3i , the optical contrast of the phosphorene drops noticeably as the number of layers decrease. This dependence of optical contrast to the number of layers of phosphorene offers a practical resource of thickness measurement.
Subsequently, each mentioned approach has merits and weaknesses. In particular, AFM and Raman spectroscopy have been routinely used to reliably determine the sample thickness of TMD semiconductors with monolayer precision. However, these two methods are not reliable for the identification of very-fewlayer phosphorene (one or two layers) under ambient conditions. The scanning rate of AFM is slow compared to the fast degradation of very-few-layer phosphorene under ambient conditions. AFM can also introduce potential contaminants that might affect further characterizations on the same sample. Unlike in TMD semiconductors, where Raman mode frequency has a monotonic dependence on the layer number, phosphorene has a non-monotonic dependence owing to the complicated Davydovrelated effects. Moreover, the relatively high-power laser used in Raman spectroscopy can significantly damage the phosphorene samples. Due to the aforementioned challenges, optical interferometry offers a rapid, noninvasive, and highly accurate approach to determine the layer number. 61 PROPERTY TUNING: HETEROSTRUCTURES, DOPING, SURFACE FUNCTIONALIZATION, AND COMPOSITES Figure 4 summarizes phosphorene band gap variation for various methods reported in the literature. As mentioned, the band gap can be increased by reducing the number of layer from the bulk value of 0.3 to~1.5 eV for a monolayer. However, more research has recently been focused on tuning the band gap and also altering other properties of phosphorene through functionalization and doping. It has been found, for example, that oxygen adsorbs strongly onto the reactive edges of phosphorene and can increase its stability. 62, 63 Similarly, covalent diazonium functionalization of phosphorene suppresses its chemical degradation and significantly improves its stability. 64 Other studies have found that the addition of Cu adatoms 65 or chemical doping with benzyl viologen 66 can be used as an effective electron doping strategy to obtain n-type conductivity. It has also been found that doping, even with non-magnetic atoms such as oxygen, sulfur, or selenium, can induce magnetism in phosphorene. 63 This is believed to be due to that fact that such dopant atoms only bond to two phosphorus atoms leaving an unpaired electron. Similar effects have been calculated for blue phosphorene. 67 Another means of affecting properties of phosphorene is by applying external electric fields which, in some cases can even lead to semiconductor-to-metallic transitions. 68 Combining phosphorene with other materials and forming heterostructures or interfaces has also being explored as means of altering material properties. For example, graphene/phosphorene stacked heterostructures are promising systems since the anisotropy of the electric polarization of phosphorene has been calculated to disappear in such structures. 68 Of interest are also interfaces between phosphorene and high-k dielectric materials due to their ability to improve the performance of scaled electronics. For example, heterostructures of phosphorene and hafnium dioxide (HfO 2 ) have been found to induce topological changes in phosphorene at elevated temperatures, which could alter device performance. 69 Highly effective photovoltaic systems, with exciton recombination times up to 1.08 ps and over 98% quantum efficiency, have also been predicted theoretically in heterostructures of phosphorene and TiO 2 (ref. 70 ).
EFFECTS OF STRESS AND MECHANICAL PROPERTIES
Strain engineering or applications of pressure can also be used to modify properties of BP or phosphorene. At high pressures, BP undergoes crystal structure transitions, first from an orthorhombic to a rhombohedral structure at~5 GPa and then to a simple cubic structure at~10 GPa (ref. 71) . Lower pressures or strains have also significant impact on electronic and other properties of phosphorene. For example, the application of uniaxial stress can break the symmetry and enhance in-plane anisotropy. 72 Other effects include electron-phonon coupling enhancement, 73 superconductivity, 74 semiconductor to metal transition, 75 band gap modification, 15 and direct-indirect band gap transition 12 ( Fig. 5 ). There have been several theoretical studies on the effect of strain on the electronic structure of single-and/or few-layer phosphorene. density functional theory (DFT) calculations by Ju et al. 76 of fewlayer (1-5 layers) BP have indicated that compressive strain can result in a semiconductor-metal transition (SMT), whereas the biaxial tensile strain only affects the band gaps and does not affect essentially the electronic properties of the system. Based on the band structure and charge density calculations, they have predicted that the compressive strain leads to the reduction of P-P bond length, downward movement of the conduction band, and increased delocalization of states around the Fermi level, which at the critical compressive strain are essential reasons of SMT. Indeed, the calculations have shown a reverse relation between the critical compressive strain for the SMT and the thickness of few-layer BP. In a similar DFT study of bilayer phosphorene, Manjanath et al. 75 found strong interlayer interactions between phosphorpus p z orbitals and a reversible SMT at 13% of normal compressive strain. They also observed a unique band gap modulation pattern leading to a direct-indirect band gap transition at~3% of strain (Fig. 5c) . Furthermore, the study has suggested high structural integrity at relatively high strains, as demonstrated by the absence of negative frequencies in phonon spectra. Raman active modes (A 1 g , B 2g, and A 2 g ) have been found to increase linearly with normal compressive strain, with the highest increase rate for the out-of-plane A 1 g mode due to strong interlayer interaction (Fig. 5a) . In another study, Seixas et al. 77 have analyzed the effects of uniaxial compression on the optical response of phosphorene and the exciton stability. They have found that under high pressure, the material gradually undergoes the transition into an indirect gap semiconductor and eventually into a semimetal. They have also shown that uniaxial strain affects effective masses and, in consequence, the exciton anisotropy and binding strength. They have calculated the exciton binding energy of 0.87 eV for 5% of strain, which is among the highest value ever reported for 2D materials. Additionally, they have suggested that due to its strong and linear strain dependence, luminescence peak can be used to probe directly the strain state of single layer phosphorene as an alternative to using Raman peaks, which are weakly affected by AM strain. 23 However, the use of PL as an experimental probe to study strain in phosphorene may not be reliable due to the lack of proper understanding of the origin of the PL in the material. It is well known that PL response due to the Fig. 4 Energy band gap engineering of phosphorene [129] [130] [131] [132] [133] Recent advances in synthesis, properties, and applications M Akhtar et al.
excitons and trions strongly depend on the dielectric environment, defects, surface states etc. Consequently, many important fundamental properties, such as exciton and trion dynamics, remain underexplored. 61 The origin of the reported emissions due to highly anisotropic bright excitons and quasi particle band gap in phosphorene are a still topic of debate. 60 This makes PL a less reliable technique to directly probe the strain state of single-layers of phosphorene.
Phosphorene shows unique mechanical properties, which make it a promising novel material for nanoelectromechanical systems and devices. 78 It can sustain tensile strains of up to 30% (refs 33, 79) , which is a higher value of those reported for graphene or single layer MoS 2 (ref. 33 ). Phosphorene has a negative Poisson's ratio that is attributed to its unique puckered structure. 80 It shows higher ductility for the AM direction compared to the ZZ direction and good mechanical flexibility, as indicated by its Young's modulus value lower that those reported for graphene and single layer MoS 2 (ref. 81) .
Based on the remarkable mechanical properties, phosphorene has a potential as an efficient filler to reinforce polymers and composites. For example, incorporation of phosphorene (0.3 vol%) into polyvinylchloride (PVC) substantially enhanced its mechanical properties. The remarkable improvement of all mechanical parameters PVC after phosphorene reinforcement such as Yang modulus, composite strength, and tensile toughness make it a great competitor for graphene reinforcement. 58 
APPLICATIONS OF PHOSPHORENE Electronic devices and sensors
Some of the first studies of phosphorene-based devices involved studying the basic properties of field effect transistors (FETs). 12 The hole mobility in phosphorene is over 1000 cm 2 V −1 s −1 (ref. 10), whereas phosphorene 2D electron gas shows exceptional Hall mobility of up to 6000 cm 2 V −1 s −1 and quantum Hall effect in high-quality van der Walls heterostructures. 82 Recent studies have also found that trions and excitons in phosphorene can be tuned by using a transistor topography set-up. 83 It is noted that trions can be used in spintronic-based devices due to their non-zero spin. 83 By having more control over hole-electron interactions, efficient optoelectronic and spin-based devices can be fabricated. In high-quality phosphorene-based heterostructures with negative compressibility, a many-body effects strong correlations lead to an enhanced capacitance in 2D electronic systems, suggesting potential for low-power nanoelectronics and optoelectronics. 82 The anisotropy of transport in phosphorene can also be incorporated into devices. FET device performance and speed may be increased by orientating the conducting channel along the AM direction. 25 The AM direction has lower effective mass, which increases ON current. 25 Transistors based on heterostructures with high-k dielectrics have shown~8 times increase of the ON current when utilizing phosphorene's anisotropy. 84 In addition to several phosphorene-based transistors based on in-plane transport geometry, first high performance structures with a vertical FET geometry, such as a graphene/phosphorene van der Walls heterostructure, 85 have also been realized recently. Figure 6a , illustrate the application of phosphorene in a tunable photoinduced-carrier-transported FET. 86 The essential factors of materials for transistor applications include high charge carrier mobility, high conductivity, high on/off ratio and low off-state conductance. Comparing all these 2D materials, the carrier mobility of graphene can reach to 200,000
), but it difficult to switch on/off due to its zero band gap and semimetallic nature, which limits its use as a digital logic device. 88 TMDs layers such as MoS 2 usually have band gap around 1.5 eV can provide high on/off ratio, the low carrier mobility (200
, even lower) limits the performance on transistor applications. Phosphorene seems to satisfy all the key 2D Mott's variable range hopping is a dominant in-plane electrical and thermoelectric transport mechanism. 89 For the outof-plane electronic transport in hetereostructures, thermionic emission over the Schottky barrier determines charge transport at high temperatures, whereas hopping transport dominates only at low temperatures. 85 Phosphorene-based device structures show high photosensitivity and high-performance broad spectral range photodetectors have been demonstrated. 90 Solar cells have also been suggested, as energy conversion efficiencies as high as 20% have been predicted for heterojunctions involving phosphorene with hydrogen and fluorine. 91 Experimentaly, first in-plane p-p junctions have recently been fabricated using chemical doping and its considerable performance has been shown. 66 Due to the lone electron pair on each phosphorus atom in phosphorene, it is also a very promising material for gas sensing applications. 92 Organic molecules such as tetracyano-pquinodimethane (TCNQ) have been predicted to act as acceptors once absorbed onto phosphorene. 93 TCNQ provides shallow states near the valence band, which enhances p-type conductivity. On the contrary, the doping with electron donor tetrathiafulvalene does not enhance n-type conductivity, as the introduced donor states are too deep into the band gap. Only by applying out of plane electric fields or in-plane tensile strain n-type conductivity can be enhanced in this case.
First principal studies have found that for gas species containing nitrogen-based molecules, transport properties in phosphorene may be altered by as few as one molecule. 94 Single molecule detection would render phosphorene as one of the most sensitive gas sensors ever created. Charge transfer between physisorbed gas molecule and phosphorene can be enhanced by introducing structural ripples, as the surface curvature increases the interaction between the molecule and phosphorene atoms. 95 The introduction of dopants into phosphorene is another method of increasing gas-sensing abilities. For example, it has been calculated that for Ca doped or Ca-decorated phosphorene, the binding affinity towards gas molecules increases. 96 Ultrahigh sensitivity and layer-dependent sensing performance of phosphorene-based gas sensors have been reported by performing the testing in an air-tight chamber. 97 But this poses many practical problems for it to be implemented a real gas sensor. However, few-layer BP nanosheets, produced by liquid phase exfoliation under ambient conditions in solvents such as Ncyclohexyl-2-pyrrolidone (CHP) have been found to be surprisingly stable probably due to the solvation shell protecting the nanosheets from reacting with water or oxygen. 58 The reactions are believed to occur only at the nanosheet edge. Biological agents have also been shown to have an impact on the electrical resistance of phosphorene. 98 For example, a lower detection limit of about ten ng ml −1 for human immunoglobulin G, which is one of the main antibodies found in humans, has been reported, 98 suggesting that phosphorene-based sensors may be used to detect immune system disorders in humans.
Thermoelectric applications All electronic devices generate heat during operation. Therefore, it is advantageous to utilize the thermoelectric materials as the FET channel to find a high efficient chip-cooling method by converting the waste dissipation heat to electrical energy and also to protect the device against performance degradation and breakdown. It has been shown that direct conversion between thermal and electrical energy using thermoelectric properties can play an important role to answer future energy and environmental concerns.
Efficient conversion between thermal and electrical energy can be realized by low thermal and high electrical conductivity at the same time. Subsequently, phosphorene, with much lower thermal conductivity than graphene, has great potential for novel thermoelectric applications. 99 It also shows strong thermal anisotropy and the orientation-dependent figure of merit ZT value that is larger along the AM than the ZZ direction. However, the Seebeck coefficient is practically isotropic 28, [100] [101] [102] (Fig. 6a) . Preferred electrical and thermal transport are orthogonal in phosphorene and large ratios of electrical over thermal conductivity can be achieved. 101 Several theoretical studies revealed that strain engineering has significant influence on the ZT value, therefore, optimized conditions and strain engineering make it possible to reach very large ZT values. [101] [102] [103] [104] Theoretical calculations indicate that photocurrent response can be used to measure thermoelectric properties of BP indirectly. As calculated by Hong et al. 105 , the generated electron-hole pairs contribute to photocurrent, which leads to the voltage difference and the Seebeck coefficient difference between BP and the electrode. The study by Low et al. 106 has demonstrated that the photocurrent is dominated by thermally driven thermoelectric and bolometric processes rather than the photovoltaic effect. Recently, Flores et al. 107 have been able to measure thermoelectric properties directly. Figure 6 shows three recent examples of phosphorene devices.
Energy storage BP has a high theoretical Li-storage capacity of 2596 mAh g −1 (ref. 108, 109) , but suffers from the large volume change of~300% and rapid capacity loss during charging-discharging cycling when used as an anode material in Li-ion batteries. 110 Phosphorene does not show such problems and can also provide additional advantages thanks to its 2D structure properties. It shows the reversible capacity of~433 mA h g −1 , low open circuit voltage, small volume change, and good electrical conductivity. 111 The diffusion of Li in phosphorene is ultrafast and anisotropic 112 (1.6 × 10 9 times faster along the ZZ direction than along the AM direction, and 260 times faster than in graphite). Energy barriers for the Li diffusions are very low (~0.09 eV) 112, 113 suggesting excellent rate capabilities. Due to significant energy barriers difference (Fig. 6a) , Li diffusion takes place mostly between grooves.
11
Relatively weak (~1.9 eV) binding energy of Li in phosphorene can be significantly increased (even by~1 eV) by the introduction of intrinsic point defects.
11 However, defects can also cause a significant increase of Li diffusion barriers, like in the case of Stone-Wales defects, which increase the diffusion barrier for the ZZ direction from −0.17 to 0.49 eV. Defects, however, can also lead to new diffusion channels and effectively enhance the Li diffusion. For example, recent DFT study has shown that vacancy can allow for the Li atoms to diffuse between two adjacent grooves with a low energy barrier of 0.13 eV (ref. 11). The binding energy of Li can also be enhanced in heterostructured composites. DFT calculations for phosphorene/graphene composite indicate a significant increase in binding energy to 2.6 eV without affecting the high mobility of Li within the layers. 11 Electrochemical performance of phosphorene is predicted to be further improved in nanoribbons especially, in ZZ nanoribbons, where a moderate working voltage (0.504-0.021 V), high capacity (541 mA h g −1 ), and fast charge/discharge rate is calculated. 114 Compared to phosphorene (1.98 eV), there is a moderate enhancement of the Li binding energy for AM (2.18-2.50 eV) and ZZ (2.07-2.52 eV) phosphorene nanoribbons (PNRs) due to the presence of unique edge states. However, a strong anisotropy of the Li diffusion, with a much lower barrier for the diffusion within two neighboring grooves (0.09 eV) than across a grove (0.65 eV), is also calculated for the nanoribbon morphology. 115, 116 In addition, similarly, to pristine phosphorene, room temperature diffusion constants inside the groove in AM and ZZ nanoribbons are about 10 9 -10 11 times larger than between two adjacent grooves.
In addition to LIBs, phosphorene has also been considered for other electrochemical energy storage applications, such as allsolid-state supercapacitors 117 and Na ion batteries (NaIBs), 118 which are considered safer than LIBs and use more abundant Na ions. The promise of using phosphorene for NaIB anode materials comes from the fact that, unlike the traditional, carbon-based anode materials for LIBs, it can accommodate Na ions, which are significantly larger than Li ions (2.04 vs. 1.52 Å). Because of this, BP with its larger interlayer channel size (3.08 vs. 1.86 Å for graphite)
is a highly promising NaIB anode material with a theoretical specific capacity of~2600 mAh g −1 , which dwarfs that of any other present materials. Recent DFT study of the intercalation of Na in BP 119 and few-layer phosphorene 118 has demonstrated a fast (energy barrier of 0.04 eV) and anisotropic (Fig. 6b ) Na diffusion and, additionally, that phosphorene undergoes SMT at high Na intercalation concentration. 118 The preferred Na ion transport along the ZZ edge compared to that along the AM edge has also been shown recently by in-situ aberration-corrected TEM study. 120 Furthermore, high performance NaIB anode in the form of BP/Ketjenblack-multiwalled carbon nanotubes composite has also been recently obtained using ball milling. 121 While most of the reports on the use of phosphorene for electrochemical energy storage applications are theoretical DFT-based calculations, 11, 111, 112, 122 some first experimental studies have also been reported, 123, 124 including the work of Cui et al. 97 , on the mechanism of sodiation in BP and hybrid material of few-layer phosphorene sandwiched between graphene (P/G) investigated using in-situ TEM and ex-situ XRD methods. 123 This study showed a two-step mechanism of intercalation of sodium along the x-axis followed by alloying and formation of Na 3 P. The strong anisotropic volume expansion (estimated at 0, 92, and~160%, along the x, y, and z-axis, respectively) observed in few-layer phosphorene samples was found to be suppressed in P/G nanocoposite electrodes. This was due to graphene layers, which accommodated the volumetric change and provided high electrical conductivity pathways. This resulted in high specific capacity of~2440 mAh g −1 (calculated using the mass of phosphorus only) at a current density of 0.05 A g −1 and good capacity retention of 83% after 100 cycles between 0 and 1.5 V (Fig. 6c) . In another in-situ TEM study, Xu et al. 124 investigated the thickness-dependent lithiation/delithiation mechanims and have found significant capacity and electrical conductivity losses in thick multilayer phosphorene due to structural decomposition and irreversibility of lithiated Li 3 P phase during delithiation processes. However, few-layer phosphorene samples have shown much better lithiation/delithiation cycling performance. Interestingly, insitu lithiation of an individual phosphorene nanoflake have shown nearly the same rate of expansion of~35% for both longitudinal and lateral directions, suggesting the same diffusion rate of Li + ions in the stark contrast to highly anisotropic Li + diffusion predicted by several DFT studies (Fig. 7) .
One of the reasons for discrepancies between experiments and DFT-predicted properties may stem from deficiencies of DFT in capturing the nature of interlayer interactions between phosphorene layers, as shown recently using quantum Monte Carlo calculations by Shulenburger et al. 125 According to this study, the interlayer interaction is associated with a significant charge redistribution caused by changes in the nonlocal correlation of electrons in adjacent layers, which cannot be captured by DFT methods based on purely dispersive forces and van der Waals (vdW) corrected functionals. DFT with semilocal vdW correction terms does not adequately capture weakly bonded systems including BP and few layer phosphorene, which are not strictly van der Waals solids. 19 As mentioned, intercalating Li or Na atoms between phosphorene layers leads to SMT. 126 DFT calculations indicate also that intercalating Li atoms between bilayer phosphorene can cause a transformation from a direct-gap semiconductor to a BCS (Bardeen, Cooper, and Schrieffer) superconductor. 127 
FUTURE RESEARCH
For practical applications, fabricating large-scale phosphorene two-dimensional (2D) materials for future electronic devices and/ or flexible devices needs to be addressed. In addition, there is much experimental research still needed in areas such as thermoelectric studies, magnetism, band structure, and optical properties. The main reason for scare experimental result in these areas is due to the aforementioned lack of large area synthesis methods. Chemical vapor deposition (CVD) of phosphorene may be a possible route for large scale synthesis. While CVD development of wafer-scale synthesis methods of graphene and TMDs has enabled large-scale device fabrication, to date, investigations of chemical synthesis of large-area and uniform phosphorene has not been reported. The significant barriers to direct chemical growth strategies of phosphorene are probably due to its chemically active surface that is fragile when exposed to air, as well as the absence of a suitable substrate for its CVD growth.
However, the recent development on growth of single crystals of orthorhombic BP from red phosphorus with Sn/SnI 4 provides a new possibility. Sample sizes of several millimeters can be realized with high crystal quality and purity, making it possible for largearea preparation of single-or multi-layer phosphorene. Interestingly, one major benefit is the possible precursor red phosphorus is very abundant and relatively inexpensive. Using pre-formed bulk black phosphors as a CVD precursor may not be a viable route due to its current expense. Furthermore, the successfully synthesis of monolayer silicene, germanene and stanene with strong chemically active surface on the substrates (for instance silicene grown on Ag substrate) provides a good example for possible CVD growth of phosphorene.
